The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase involved in the regulation of growth in many animal cells, including cancer cells. Phosphorylation of specific tyrosine residues within the cytoplasmic domain of EGFR is part of the initial activation process that occurs upon ligand binding, and these phosphotyrosine residues subsequently serve as docking sites for intracellular signaling molecules. To study the phosphorylation on each individual site, EGFR generated from a human epidermoid carcinoma cell line (A431) was analyzed by mass spectrometry. Liquid chromatography combined with tandem mass spectrometry (LC/MS/MS) was used to identify the tryptic phosphopeptides and their sites of phosphorylation (Y992, Y1045, Y1068, Y1086, S1142, Y1148, and Y1173). Ion intensities for the phosphorylated and unphosphorylated tryptic peptides containing the sites of phosphorylation were measured, and the intensity ratios were used to assess the degree of phosphorylation at each site. Ligand concentrations were varied for epidermal growth factor (EGF) and transforming growth factor alpha (TGF␣) as stimuli, and all of the EGFR tyrosine sites were consequently found to exhibit increased levels of phosphorylation, although at different rates and to different extents. Phosphorylation of Y992 appeared to plateau at lower concentrations of ligand, whereas the other sites continued to have increased phosphorylation throughout a wide range of concentrations. Only small differences could be detected between the EGF and the TGF␣-induced EGFR phosphorylation. Pretreatment of A431 cells with a small molecule EGFR inhibitor nearly eliminated the ligand-induced phosphorylation on all of the sites except
M ature EGFR is a type I membrane glycoprotein with 1186 amino acids consisting of an extracellular domain for ligand binding, a single membrane-spanning section, and a cytoplasmic protein kinase domain [1] . Like other proteins in the receptor tyrosine kinase family, EGFR play an important role in regulating cell functions such as proliferation, migration and differentiation. EGFR, also known as ErbB1 or HER1, is a member of the ErbB family of receptors, and can be activated by several different ligands-EGF, TGF␣, amphiregulin (AR), betacellulin (BTC), heparinbinding EGF (HB-EGF), and epiregulin (EPR) [2] . Although BTC, HB-EGF, and EPR can bind to both EGFR and ErbB4, there is no experimental evidence suggesting that EGF, TGF␣, and AR bind to receptors other than EGFR. Upon ligand binding, members of ErbB family form both homo-and hetero-dimers [3] . Dimerization activates the intrinsic protein tyrosine kinase activities of the receptors, leading to phosphorylation of specific tyrosine residues within the cytoplasmic domain [4 -8] . These tyrosine phosphorylation sites serve as docking sites for intracellular signaling proteins containing Src homology 2 (SH2) or phosphotyrosine binding (PTB) domains [9] and provide a crucial connection between the external stimuli and internal signal transduction pathways.
A number of human tumors express high levels of EGFR and its ligands, and increased expression of EGFR has sometimes been found to correlate with poor prognosis for cancer patients [10] . Hence, EGFR has become a target for a number of oncology therapeutics under development. Recently, it has been reported that a small molecule EGFR-specific kinase inhibitor may affect a subset of patients, but evidence of significant responses in the treated patient population as a whole was less significant [11] . Since a key linkage between the external stimuli and internal signaling is tyrosine phosphorylation, a better understanding of the quanti-tative changes among the different phosphorylation sites in response to ligands and inhibitors may provide a better understanding of the mechanism of action of EGFR inhibition. Towards this end, a mass spectrometric study of EGFR phosphorylation was initiated.
Over a period of 15 years (1984 -1999) of extensive study, six tyrosine residues from the carboxyl terminus of EGFR, distal from the tyrosine kinase domain (residue 688 -955), were reported to be phosphorylated in vivo upon ligand stimulation. These include tyrosine residue 1068, 1148, 1173 [4] , 1086 [5, 6] , 992 [7] , and 1045 [8] . These sites were mapped using in vivo 32 P-labeling of truncated or point-mutated EGFR. During the past two decades, immunodetection of in vivo tyrosine phosphorylated EGFR after ligand activation has been the primary tool for researchers to monitor the extent of total phosphorylation within intact EGFR. However, a drawback of this approach is that it measures accumulative changes in overall phosphorylation, rather than dynamic changes at specific sites.
Methods involving radiological detection of 32 P labeled proteins, such as 2-D phosphopeptide analysis and solid phase Edman sequencing [12] are particularly useful for accounting for all of the 32 P originally incorporated into a protein. Nevertheless, for many laboratories the use of high levels of 32 P for in vivo labeling is not feasible, and non-radioactive methods are the only option. Immunodetection is often used; however, for monitoring specific sites this typically requires prior development of antibodies. Furthermore, stoichiometry is difficult to determine with this method. DNA mutagenesis has also been used to study phosphorylation; however, this tends to be mostly a hypothesis-driven approach rather than an unbiased screen.
Since the introduction of electrospray and matrixassisted laser desorption ionization [13, 14] , mass spectrometry has emerged as the preferred non-radioactive method for characterizing protein phosphorylation. However, in a given sample it is usually very difficult to find the few spectra that represent phosphopeptides amongst all of the rest of the data. Towards this end various methods have been developed for the enrichment and identification of phosphopeptides [15] [16] [17] . Other means of locating and identifying phosphopeptides include comparisons with phosphatase treated controls [18] , comparisons between positive and negative MALDI spectra [19] , the use of specialized mass spectrometer scans [20, 21] or analyzing large numbers of MS/MS spectra of peptides generated by digesting a sample with several different proteases [22] .
Most of the aforementioned mass spectrometric methods provide qualitative information, and there have been relatively few mass spectrometry methods described for phosphate quantitation. Isotope dilution methods could be used for this purpose and would likely be quite accurate; however, these methods require the synthesis of isotopically labeled peptides [23] or the use of isotope enriched cell culture media [24] . A few researchers have suggested that a comparison of mass spectrometric signals of phosphorylated peptides with internal controls (i.e., an unmodified peptide derived from the same protein) can provide adequate quantitation. The difference between these reported methods seems to be in the choice of internal standard, and whether it should be the corresponding unphosphorylated peptide [25, 26] or a peptide derived from the same protein that does not contain any modifications [27] . Ideally, one would want the internal standard to have physical and chemical properties that are most similar to that of the phosphorylated peptide to be quantitated. Assuming that phosphorylation does not influence proteolytic cleavage, the corresponding unphosphorylated peptide would be the best candidate. We chose to use the latter method to monitor gross changes in phosphorylation, and are subsequently using isotope labeled synthetic phosphopeptides [23] to verify the quantitation. In addition, pairs of unlabeled synthetic phosphorylated and unphosphorylated peptides were synthesized in order to gauge the effect of phosphorylation on ionization efficiency for individual peptides [27, 28] .
A431 cells, a human epidermoid carcinoma cell line in which EGFR is over-expressed [29] , were treated under various conditions, and EGFR was immunoprecipitated with an EGFR antibody. Each of the immunoprecipitates was subjected to one dimensional polyacrylamide gel electrophoresis, and the EGFR bands were excised and an in-gel trypsin digest was performed. Six previously known phosphorylation sites on EGFR were found in 5 tryptic peptides, as well as an additional unknown serine phosphorylation site. The site-specific changes in phosphorylation were monitored using LC-MS. EGFR phosphorylation following EGF or TGF␣ stimulation was compared, and the effect of an EGFR kinase inhibitor on ligand-induced phosphorylation was also examined.
Experimental

Cell Culture
Cultures of the human epidermoid carcinoma cell line A-431 [30] (American Type Culture Collection, Manassas, VA) were grown in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum plus antibiotics until 80% confluence was reached. 
EGFR Immunoprecipitation
After ligand treatment, cells were washed two times with ice-cold 150 mM NaCl, 100 mM sodium phosphate pH 7.2 (PBS) and the cells were lysed in PBS containing 1% Triton X-100, 1mM NaF, 1 mM ␤-glycerol-phosphate, 1 mM sodium orthovanadate, and a protease inhibitor cocktail (Roche Diagnostics Corporation, Indianapolis, IN). Cell lysates were precleared with Protein A-Sepharose and then immunoprecipitated with 4 ug/ml anti-EGFR clone LA22 (Upstate Biotechnology).
Protein Gel separation, Reduction, Alkylation, and Digestion
Following immunoprecipitation, EGFR was isolated using SDS-PAGE under reducing conditions using Tris/glycine 4 -20% gradient precast Novex gels (Invitrogen, Carlsbad, CA). Protein bands were stained using Colloidal Blue (Invitrogen). Gel bands were manually excised and the gel pieces were processed using an automated protein digestion station (Genomic Solutions, Ann Arbor, MI) that performed the tasks of reduction and alkylation of cysteines, tryptic digestion (Promega, Madison, WI), and extraction of the peptides.
Mass Spectrometry
Mass spectrometry analysis of tryptic peptides was performed on a Micromass QTOF 1 instrument (Manchester, United Kingdom). Peptides were sequenced by on-line microcapillary liquid chromatography-electrospray ionization-tandem mass spectrometry (LC/MS/MS) operated in a data-dependent mode, and phosphopeptides were identified using the Mascot program [31] . The capillary column was made from a piece of 50-m i.d. fused silica line with an internal frit (New Objective, Cambridge, MA) that was packed with YMC ODS-AQ resin (Waters, Milford, MA). The LC gradient (0 -75% solvent B in 60 min, solvent A ϭ 0.1% formic acid, 0.001% heptafluorobutyric acid (HFBA), and 5% acetonitrile; solvent B ϭ 80% acetonitrile) was developed using an Eldex Micropro syringe pump (Napa, CA) operating at 8 l/min. A preinjector splitter cut the flow to approximately 250 nl/min. The effluent of the column was directed into an Upchurch (Oak Harbor, WA) micro-tee containing a platinum electrode and a New Objective uncoated fused silica tip (360 m o.d., 20 m i.d., pulled to a 10 m opening). Ion intensity data were obtained from mass spectra generated using microcapillary liquid chromatography-electrospray ionization-mass spectrometry (LC/MS). 15 N]Ala-OH were from Bachem (Torance, CA). Peptides were cleaved from the resin and deblocked using reagent K (trifluoroacetic acid, ethanedithiol and thioanisole). Resin was removed by filtration. Peptides were precipitated in cold methyl butyl ether followed by multiple washes with cold diethyl ether to remove deblocking reagents. Peptide purification was carried out on a semi preparative HPLC column, C18 10 ϫ 250 mm from Vydac (Hesperia, CA), using aqueous/acetonitrile gradients in 0.1% trifluoroacetic acid. Fractions of the major peak were collected, checked for purity by analytical HPLC and MALDI-MS. The pure fractions were pooled and lyophilized for storage.
Peptide Synthesis
Results and Discussion
Identification of EGFR Phosphorylation Sites
In order to monitor changes in ligand-induced EGFR phosphorylation, it was first necessary to find and characterize peptides that contained the various phosphorylation sites. In-gel tryptic digestion of immunoprecipitated EGFR was performed, and the tryptic peptides were analyzed by data-dependent LC/MS/ MS. To increase the likelihood of collecting MS/MS spectra of lower abundance precursor ions, consecutive LC/MS/MS acquisitions were performed over narrow precursor mass ranges (e.g., 100 u wide precursor survey scans) [32] . In a few cases, precursor ion selection was used in order to obtain CID spectra to verify the structure of specific phosphopeptides (see below). All of the previously reported tyrosine phosphorylation sites (Table 1) were found, and their sequences were confirmed by tandem mass spectrometry (see below). In addition to tyrosine phosphorylation, a serine phosphorylation site (S1142) was identified.
Two of the tyrosine phosphorylation sites, Y1045 and Y1068, are located in the same tryptic peptide and the two monophosphorylated forms cannot be distinguished by mass alone. However, these two peptides could be separated by HPLC, and the MS/MS spectra clearly demonstrated their structural differences (Figure 1) . Whereas the other sites had previously been identified on the basis of phosphopeptide mapping [4 -7] , ligand-induced phosphorylation at Y1045 was implicated using site-directed mutagenesis data, and inhibitory effects of a synthetic phosphopeptide [8] . In contrast, the data reported here (Figure 1b) provides structural evidence that Y1045 is a ligand-induced phosphorylation site. The b 4 ion at m/z 533.128 indicates the presence of phosphate within the first three residues (YSS). The absence of an ion resulting from ␤-elimination of phosphate from the precursor ion, a fragmentation that is typical for peptides containing phosphorylated serine or threonine, suggests that the phosphate is located on tyrosine. The presence of a phosphorylation site at the N-terminus of this tryptic peptide (Y1045) could conceivably result in reduced efficiency of proteolytic cleavage; however, no evidence of a larger partial tryptic phosphopeptide encompassing this site was found. Another peptide containing two phosphorylation sites was found containing Y1148 and S1142, and the two monophosphorylated forms could be separated by HPLC and their structures were verified by MS/MS (Figure 2 ). For both peptides ( Figure 1 and Figure 2 ) the doubly phosphorylated peptide ions were of very low abundance and their ion intensities could not be accurately measured.
Assessment of Quantitation Methods for Determining Changes in Ligand-Induced EGFR Phosphorylation
To analyze the changes in phosphorylation sites in a quantitative manner, the immunopurified EGFR has to accurately reflect the state of the protein in vivo. The specific antibody that was used (LA22) [33] recognizes the extra cellular domain, and should therefore not be selective for or against different phosphorylation states of EGFR. Comparison of the Coomassie-stained EGFR bands from either unstimulated or EGF-stimulated cells showed that approximately the same amount of protein was recovered for each immunoprecipitation, despite the large differences found in the corresponding Western blots probed using an anti-phosphotyrosine antibody (data not shown).
Having characterized the observed tryptic EGFR phosphopeptides using LC/MS/MS (e.g., Figure 1 and Figure 2 ), a simpler analysis employing a single stage of mass spectrometry (i.e., LC/MS) is capable of monitoring changes in these phosphorylation sites under different stimulation conditions. Peptides in these LC/MS acquisitions are identified based on the m/z value (with error less than 20 ppm), and by their chromatographic retention time. One of the difficulties in using mass spectrometry for quantitative analysis is that the fluctuation in instrument response needs to be normalized before different samples can be reliably compared. Ions derived from other EGFR tryptic peptides can serve this purpose, and we chose to use the ion intensity of the corresponding unphosphorylated tryptic peptide, since these are closely matched in terms of amino acid composition, mass, and HPLC elution time. Thus, simple ratios of the ion intensities of the phosphopeptides versus the corresponding unphosphorylated peptides were used to assess changes in phosphorylation for specific sites. The addition of phosphate to a peptide generally causes it to elute slightly earlier, depending on the peptide size. For example, the short 11 residue phospho-Y1173 peptide elutes nearly two min ahead of middle). By only using the intensity of the 12 C monoisotopic peak, ion intensity ratios of the phosphorylated and unphosphorylated peptide ions containing Y1173 could still be determined. Lower resolution instruments would not have been able to accurately distinguish the ion intensity contributions from the two peptides, thereby compromising the accurate determination of the ion intensity ratios.
Although changes in ion intensity ratios are indicative of changes in the level of phosphorylation, these ratios do not directly translate into stoichiometry. Peptide ion intensities vary according to the concentration of the peptides, suppression effects due to coeluting material, as well as peptide composition. It is also likely that addition of phosphate will have an impact on the ionization efficiency of a peptide [28] . To assess the effect of the addition of phosphate on ionization, three pairs of synthetic peptides were synthesized corresponding to the phosphorylated and unphosphorylated tryptic peptides containing Y1086, Y1148, and Y1173. Concentrated stock solutions of these synthetic peptides were made, and their concentrations were determined by amino acid analysis. From these stock solutions, a standard was prepared containing equimolar amounts of the phosphorylated and unphosphorylated peptides, and this standard mixture of synthetic peptides was analyzed using the same LC/MS conditions as was used to acquire data for the EGFR samples. Suprisingly, for these three pairs of peptides the ion intensity ratios were close to one-pY1086/Y1086 ϭ 1.2, pY1148/Y1148 ϭ 0.9, and pY1173/Y1173 ϭ 1.1. This indicated that for these three phosphorylation sites the ion intensity ratio of a peptide pair is, to some extent, a realistic assessment of the relative abundance of the peptides. It was noted, however, that this ratio was sensitive to the presence of the HPLC ion-pairing reagent HFBA and very different ratios were obtained in its absence. The presence of a very small amount of HFBA (0.001%) was maintained throughout these experiments because of its beneficial effects on chromatographic resolution and retention of the more hydrophilic peptides.
Isotope dilution [34] is a standard method for the quantitation of specific compounds by mass spectrometry, and when applied to phosphorylation measurements it is possible to derive absolute quantitation [23] . This approach was feasible for some of the tryptic EGFR phosphopeptides, and peptides that incorporated 15 NVal and 15 N-Ala were synthesized. The intent is to verify the quantitative measurements obtained using the reference peptide method. For example, standards corresponding to the phosphorylated and unphosphorylated tryptic peptide containing Y1086 (RPAGSVQN-PVYHNQPLNPAPSR) were synthesized with the 15 N label, which had masses that were 4 u higher than the corresponding peptides obtained from the naturally occurring EGFR. By adding known quantities of the standards into EGFR samples following in-gel digestion, the absolute quantity of the pY1086 and Y1086 in the sample was determined (Figure 3c ). It is recognized that inefficient extraction of the native peptides from the gel could result in an underestimation of the absolute quantities; however, assuming that the addition of phosphate would not affect the efficiency of extraction out of the gel, the relative molar ratios should be accurate. Differential losses could occur upon storage of the in-gel digest sample, but if the standards were added shortly after digestion, these losses would be matched by the standards. To evaluate the contributions of EGFR phosphorylation on A431 cell ligand-induced downstream signal transduction, EGFR proteins were immunoprecipitated following EGF or TGF␣ stimulation of A431 cells using an antibody that recognizes the extracellular domain of EGFR. After further separation by gel electrophoresis, protein bands containing EGFR were cut out, and in-gel tryptic digestions were performed. For each predicated phosphorylation site, ion intensity information was gathered using LC/MS. The ion intensity ratios for each phosphorylated and unphosphorylated peptide pair upon ligand stimulation at a wide range of ligand concentrations were determined (Figure 4) . Overall, EGF (Figure 4a ) and TGF␣ (Figure 4b ) induction yielded similar phosphorylation patterns at the different sites. A pair of isotope labeled synthetic phosphorylated and unphosphorylated peptides encompassing Y1086 were available, which were spiked into native EGF stimulated EGFR tryptic peptide samples. The results for this one phosphorylation site showed that the molar ratios measured using isotope dilution were nearly identical to the ion intensity ratio (data not shown).
Concentration Studies of EGF and TGF␣
Over a wide range of ligand stimulation (0 -1000 ng/ml), all the phosphotyrosine sites showed increased phosphorylation, but to different degrees. For both ligands, the extent of Y992 phosphorylation seemed to plateau at a lower ligand concentration, whereas the other sites did not seem to reach a maximal level of phosphorylation even at 1000 ng/ml of ligand. Phosphorylation of Y1148 did not seem to occur to any appreciable extent for either ligand. There was no clear effect on the phosphorylation of S1142, which is what would be expected for tyrosine kinase autophosphorylation.
Effect of EGFR Inhibitors on Ligand-Induced Phosphorylation
As shown above, different EGFR sites exhibit differences in the level of phosphorylation upon stimulation using varying concentrations of ligand. Our interest in this was to determine if these changes were of any relevance in the mechanism of action of EGFR inhibitors. Are there differences in how different sites respond to inhibitor treatment? Are some sites more sensitive to inhibition than others? To address these questions, AG1478, a highly potent inhibitor of EGF receptor kinase [36] , was used to treat A431 cells prior to EGF stimulation. Mass spectrometric analysis of the EGFR phosphorylation sites indicated that four of the phosphorylation sites, Y1045, Y1086, Y1148, and Y1173, are very sensitive to inhibitor treatment, whereas Y992 and Y1068 are still phosphorylated at a significant level even at the highest concentration of inhibitor ( Figure 5 ). The inhibitor had no effect on the level of phosphorylation of S1142, as expected.
Conclusions
After stimulation with EGF or TGF␣, LC/MS/MS was used to show that all of the known tyrosine phosphorylation sites, plus a previously uncharacterized serine phosphorylation site, were located within five tryptic peptides generated by in-gel digestion of immunoprecipitated EGFR. This formed the basis of an assay for analyzing the changes in phosphorylation. Changes in phosphorylation were monitored by comparison of the ion intensity of phosphopeptides with the unmodified peptide that was also derived from EGFR. Using this technique we were able to identify those sites that were most responsive to stimulation, and compare the sitespecific response obtained using two different ligands (EGF and TGF␣). In addition, we were able to monitor the effects of an EGFR kinase inhibitor on the phosphorylation state of these specific sites. This analysis has allowed us to investigate more precisely, the mecha- nism of action of the EGFR and has wide applications to similar protein such as other RTKs, cytoplasmic kinases, and phosphatases. These methods may also be useful in the clinical arena where extensive efforts are under way to test the therapeutic potential of drugs that modulate the enzymatic activity of kinases.
